Electrophysiological and lesion studies in rodents have shown that the dorsal (septal) and ventral (temporal) segments of the hippocampus have functional specializations that can be understood in terms of their anatomical connections with distinct brain areas. Here we explore the circuitry associated with the hippocampus using the pseudorabies virus-Bartha strain (PRV-Bartha) tracer in the rat to examine both direct (first-order) and indirect (second-order) projections to the hippocampus. Based on analysis of PRV-Bartha infection density, we demonstrate two parallel pathways from the limbic cortex to the hippocampus. A dorsal "spatial cognition" pathway provides disynaptic input from the retrosplenial, anterior cingulate, and orbital cortex to the dorsal hippocampus, with potential synaptic relays in the anterior thalamic nuclei and dorsolateral entorhinal cortex. A ventral "executive control" pathway provides disynaptic input from the prelimbic, infralimbic, and orbital cortex to the ventral hippocampus, with potential synaptic relays in the midline thalamic nuclei and the rostral caudomedial entorhinal cortex. These data suggest a new anatomical framework for understanding the functional interactions between the cortex and hippocampus, especially in cognitive disorders that involve both structures, such as frontotemporal dementia.
Introduction
Cognition in humans and animals involves a continual exchange of information between remote brain areas mediated by longrange axonal projections. Emerging methods such as diffusion weighted imaging or resting state functional connectivity can be used to visualize or approximate some of these pathways in humans. However, none are as precise and reliable as tract tracing in experimental animals. Certain viral tracers, such as the pseudorabies virus-Bartha strain (PRV-Bartha), provide the opportunity to investigate anatomical pathways embedded in functional circuits in more detail than conventional tracers. This is because the amplification of the virus and retrograde transport across multiple synapses allows for an evaluation of indirect, as well as direct, anatomical projections. We use this method here to investigate monosynaptic and disynaptic inputs to the dorsal and ventral divisions of the rat hippocampus.
The mammalian hippocampus sends projections to and receives projections from cortical and subcortical brain regions involved in a range of functions. Consequently, hippocampal damage in animals and humans can result in a wide range of behavioral deficits (Chudasama et al., 2009; Mariano et al., 2009; Small et al., 2011; Abela et al., 2013) . The nature of the impairment depends, in part, on the location of the lesion along the hippocampal septotemporal axis (dorsoventral axis in the rodent) (Bannerman et al., 1999; Fanselow and Dong, 2010) . In rats, damage to the dorsal hippocampus (dHC) affects spatial cognition, reflecting its input from temporal areas such as the caudal entorhinal cortex known to be involved in the encoding of space (Hafting et al., 2005) . In contrast, damage to the ventral hippocampus (vHC) affects aspects of emotion (Bannerman et al., 1999; Pentkowski et al., 2006) and leads to impairments in executive control, a function normally associated with the prefrontal cortex (Floresco et al., 1997; Howland et al., 2008; Abela and Chudasama, 2013; Abela et al., 2013) . Recent work highlights the interaction between the vHC and ventral prefrontal cortex, showing that crossed lesions of the two structures result in impulsive and compulsive behavior, whereas unilateral combined lesions do not (Chudasama et al., 2012) .
The hippocampal CA1 field projects directly to a number of cortical areas, including the medial prefrontal, orbital, retrosplenial (RSP), and cingulate cortex (Hoover and Vertes, 2007) . These projections are not reciprocated (Room et al., 1985; Sesack et al., 1989) , suggesting that the hippocampus can influence activity in these areas, but not vice versa. It is possible that these same cortical structures influence the hippocampus via relays in the thalamus (Wouterlood et al., 1990) or entorhinal cortex (Witter and Groenewegen, 1984) . Identifying relay pathways is of great importance for understanding circuit function (Thompson and Swanson, 2010) , and is greatly facilitated with viral tracers that delineate second-order connections. Here we used PRVBartha to identify disynaptic pathways from limbic and prefrontal cortex to hippocampal area CA1. Following virus injections at two distinct locations along the hippocampal septotemporal axis, we provide evidence for parallel disynaptic pathways to the dorsal and ventral hippocampus, with potential anatomical relays in the thalamus and entorhinal cortex.
Materials and Methods
PRV-Bartha is a swine ␣-herpesvirus that is widely used for retrograde transneuronal tracing for multisynaptic circuitry in rats (Card et al., 1993; O'Donnell et al., 1997; Chen et al., 1999) . The procedures for growing and harvesting PRV-Bartha have been published in detail previously (Enquist and Card, 1996) . Several reviews provide detailed descriptions of the mechanisms that underlie PRV-Bartha invasion, replication, and multisynaptic transmission (Pomeranz et al., 2005) .
Subjects. Male Sprague Dawley rats (250 -300 g) were used for this study. Food and water was available ad libitum under a 12 h light/dark cycle. All experimental procedures were approved by the McGill University Animal Care and Use Committee and were performed in accordance with the guidelines of the Canadian Council on Animal Care. In compliance with Laboratory Biosafety Guidelines (third edition, 2004) stipulated by the Public Health Agency of Canada, injections of PRV-Bartha were conducted in a Biosafety Level 2 containment facility.
Surgery and injection procedure. Each rat was anesthetized with isoflurane (4 -5% induction, 1-3% maintenance) and secured in a stereotaxic frame (David Kopf Instruments). The scalp was retracted and a hole was drilled into the skull directly above the injection site. A total of 0.1 l of PRV-Bartha (4.5 ϫ 10 8 pfu/ml) was injected unilaterally (right hemisphere) into the dHC (anterior-posterior, Ϫ4.20 mm; medial-lateral, Ϯ2.00 mm; dorsal-ventral, Ϫ2.80 mm) or vHC (anterior-posterior, Ϫ5.28 mm; medial-lateral, Ϯ5.0 mm; dorsal-ventral, Ϫ7.2 mm) according to stereotaxic coordinates of Paxinos and Watson (2005) . Dorsalventral readings were taken from the dural surface. The virus was injected over 4 min using a 0.5 l SGE precision microsyringe (Canadian Life Science) and allowed to diffuse for an additional 4 min to prevent reflux of the virus up the cannula tract. The syringe was then carefully removed, and the scalp was sutured. When rats were sufficiently mobile, they were returned to their home cages.
Perfusion and tissue processing. Animals were deeply anesthetized with pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 0.9% saline followed by a periodate-lysineparaformaldehyde (PLP) fixative. Brains were extracted and postfixed in PLP at 4°C for 48 h. Cryostat sectioned brains were cut in the coronal plane, rostrocaudally. We were unable to obtain the most posterior sections of the occipital pole, which comprises the caudal extreme of the entorhinal cortex. The sections were transferred to a 30% sucrose solution (4°C) for 48 h before being flash frozen in isopentane and stored at Ϫ20°C. Coronal sections (40 m thick) were collected in series. All tissue was stored free floating at Ϫ20°C in a cryoprotectant solution until it was ready for processing. For each animal, one tissue series was processed using a standard cresyl violet staining procedure to identify and trace cytoarchitectonic regions of interest (ROIs). A second, adjacent series of tissue was processed using a free-floating immunohistochemistry protocol (immunoperoxidase staining) as described below.
Tissue sections were examined with a Zeiss AxioImager A1 microscope and Bioquant Life Science Image Analysis Software. The specific thalamic and cortical ROIs traced from cresyl violet sections were overlaid onto the immunoperoxidase stained tissue. For each ROI, the numbers of positive PRV-Bartha-infected cells were identified ( Fig. 1 ) and counted in every sixth section (20ϫ magnification). We then calculated the density of infection for each ROI in relation to its area (i.e., number of infected cells/area of the ROI in micrometers squared).
Immunohistochemistry. The immunoperoxidase procedure was conducted at ambient room temperature (22-24°C). Sections were rinsed (three times, 10 min per wash) with fresh 0.0025 M PBS, pH 7.4 -7.6, treated with dilute peroxide solution for 15 min (0.6% peroxide in 0.0025 M PBS) to quench any endogenous peroxidases within the tissue, and rinsed again in 0.0025 M PBS (three times, 5 min per wash). Sections were then incubated in a blocking solution containing 10% normal goat serum (NGS) and 0.3% Triton-X diluted in 0.0025 M PBS for 25 min. The tissue was then transferred to the primary antibody solution (rabbit anti-PRV IgG, diluted 1:10,000 in a solution of 10% NGS in 0.0025 M PBS) and incubated for 2 h. Following three rinses in 0.0025 M PBS (5 min per wash), the sections were further incubated for 30 min in a solution of biotinylated goat anti-rabbit IgG, diluted in 10% NGS in 0.0025 M PBS. Following another three washes in 0.0025 M PBS (5 min per wash), sections were incubated for 30 min using the avidin-biotin peroxidase procedure as per the Vectastain Elite ABC-HRP kit (Vector Laboratories). Sections were rinsed in 0.0025 M PBS (three times, 10 min per wash) and then incubated in a dilute solution of the chromagen diaminobenzadine, prepared using the HRP Substrate Kit (Vector Laboratories). Sections were incubated for 3-10 min until the colorized signal was visualized within the tissue. Immediately after the signal was detected, all sections were rinsed in fresh 0.0025 M PBS (three times, 5 min per wash) to completely remove any excess of the chromagen. Sections were then mounted on gelatin-coated slides and left to air dry overnight. All slides were dehydrated using a graded alcohol series and xylene, after which they were mounted with Permount (Fisher Scientific) and coverslipped.
Antibody specificity. The primary antibody used to target the PRVBartha was derived from an antiserum raised against acetone-inactivated PRV. The rabbit anti-PRV polyclonal IgG (Rb 133/134) was provided to us courtesy of Dr. L. Enquist (Center for Neuroanatomy with Neurotropic Viruses, National Center for Research Resources, Bethesda, MD). We tested the specificity of this antibody by running the immunohistochemistry protocol on tissue from animals that had not been inoculated with PRV-Bartha. These sections were void of any labeling, confirming that the antibody was specific to detecting the PRV-Bartha antigen.
Results
Animals were injected in either dHC or vHC and were killed at 24 h (dHC, n ϭ 4; vHC, n ϭ 4), 48 h (dHC, n ϭ 6; vHC, n ϭ 6), or 60 h (dHC, n ϭ 3; vHC, n ϭ 4). Animals killed at 24 h did not show retrograde transport of the virus beyond the injection site. The analysis of the density and distribution of viral infection in animals that were killed at 48 and 60 h allowed us to determine first-and second-order projection sites, respectively. We first established monosynaptic transport to the thalamus and the entorhinal cortex as both of these regions have been shown previously to provide direct input to the hippocampal CA1 region. We then identified a number of sites that were labeled at the longer survival time corresponding to disynaptic transport.
The injection sites were highly circumscribed to the CA1 field of the dorsal or ventral hippocampus, with viral immunoreactivity confined to the area immediately surrounding the injection cannula. The photomicrographs in Figure 2 , A and D, show that at 24 h after inoculation, there was minimal diffusion of PRVBartha from the focal injection site, and positive PRV-Barthainfected cells were not present in any other region including the subiculum, CA3 or CA2 fields, amygdala, entorhinal cortex, or any region of the cerebral cortex. In contrast, the density and pattern of viral infection and transport of PRV-Bartha at postinoculation times of 48 and 60 h indicated that these time periods were most effective for characterizing first-and second-order infection, respectively.
The location of the injection sites are illustrated in Figure 2 , which demonstrates their position on standard coronal sections. In coronal sections, which are more tangential than transverse, it is difficult to define with specificity the exact distal and proximal topology of the injection sites (Amaral and Witter, 1989; Henriksen et al., 2010) . However, according to the proximodistal terminology provided by Amaral (1993) , we estimate that all injections in the dHC were restricted to the distal CA1 region of the hippocampus at the most septal tip of the structure (Fig. 2 A-C) located closest to the subiculum. Similarly, the ventrally located injections appeared to be confined to the distal CA1 region closest to the subiculum. Although the CA1 injection in cases G9, G52 (48 h group; Fig. 2 E) , and G41 (60 h group; Fig. 2 F) encroached the molecular layer of the dentate gyrus, the pattern of labeling at long survival times was similar to that for those animals with restricted CA1 injections. In all cases that were analyzed, the injections did not encroach the subiculum, CA2, or CA3 fields. In the following sections, we describe the pattern of disynaptic labeling in the limbic and prefrontal cortex followed by the pattern of monosynaptic labeling in the thalamus and entorhinal cortex.
Disynaptic transport to limbic and prefrontal cortex (60 h survival)
At 60 h after inoculation, specific cortical regions showed a high density of labeled cells for each of the injection locations. Based on previous findings (O 'Donnell et al., 1997; Carr et al., 1999) , we interpreted this labeling to reflect disynaptic retrograde transport of the virus, and thus to indicate areas that provide indirect input to the hippocampus. Note that there was little if any infection in the prefrontal or limbic cortical areas at 48 h after inoculation (see later). In all cases, while the density of labeling was stronger in the ipsilateral than contralateral hemisphere, the disynaptic labeling of the cortex was considerably more similar between the two hemispheres than the monosynaptic labeling in either the thalamus or entorhinal cortex.
Labeling in the prefrontal cortex
Large numbers of infected neurons were observed in the prefrontal cortex. Of the prefrontal regions exhibiting disynaptic labeling, some showed overlap between the vHC and dHC injections, whereas others did not. Both injections showed some degree of labeling in the prelimbic (PL) cortex, the infralimbic (IL) cortex and the medial, ventral, and lateral divisions of the orbitofrontal cortex. The labeling started very anterior in the orbital divisions with a slightly greater density of infected neurons in the dHCinjected animals at this level. Moving more caudally, however, the labeling in the orbital divisions was similar for the two injection groups (Fig. 3 A, B) . The most notable difference between the dHC-and vHC-injected animals was the distribution of the retrogradely labeled cells along the dorsoventral axis of the medial prefrontal cortex (Heidbreder and Groenewegen, 2003) . The dHC injections, which were highly comparable, as shown in the inset above Figure 3 , resulted in more labeling in the dorsal anterior cingulate cortex (pregenual Cg1/Cg2) and the dorsal part of the PL cortex (dPL). Among the vHC cases, the pattern of Note that the injection site is confined to the CA1 field, and viral immunoreactivity is restricted to the area surrounding the injection cannula. B, C, E, F, Placement of injection sites in the dHC (B, C) and vHC (E, F ) are presented schematically for animals that were perfused 48 and 60 h after inoculation, respectively. Colors represent different animals in each group.
labeling was confined to the ventral region of the PL (vPL) and especially the IL cortex on the ventromedial wall (compare Fig. 3,  C and D) . Despite some variability in the vHC injection sites, the labeling patterns were highly similar. For example, although the most ventrally located injection site (i.e., case G17) showed a restricted pattern of infection in the ventral prefrontal cortex (Fig. 3B, yellow dots) , a similar infection pattern was observed in cases with nonoverlapping injection sites (e.g., G41 and G42). There was considerable infection in the prefrontal cortex for both vHC and dHC cases, especially in the caudal divisions of the orbitofrontal cortex. A, In dHC cases, the pattern of infection was confined to the dorsal prefrontal cortex, particularly the dorsal pregenual anterior cingulate (area Cg1) and the most dorsal portion of the prelimbic cortex. B, In the vHC cases, considerable labeling was visible in the vPL and particularly in the IL. Notice how the dorsal prefrontal cortex (dPL and area Cg1) is relatively spared of infection in these vHC cases. C, D, Photomicrographs (5ϫ magnification) show distribution of virus-infected neurons along the dorsoventral axis of the right prefrontal cortex following injections in representative dHC and vHC cases, respectively. E, F, Patterns of infection in the RSP cortex is presented schematically for cases with virus injections in the dHC (E) and vHC (F ). Both dysgranular and granular divisions of the RSP cortex were densely infected in animals with dHC injections, but there was a virtual absence of infected neurons in the vHC cases. G, H, Representative photomicrographs show virus density in right RSP cortex. I, A comparison of infection densities confirms disynaptic input to vHC comes primarily from IL, whereas input to dHC comes from dorsal pregenual anterior cingulate and the RSP. Error bars indicate SEM. Cg1, Cingulate area 1; LO, lateral orbital cortex; MO, medial orbital cortex; VO, ventral orbital cortex; DLO, dorsolateral orbital cortex; RSD, retrosplenial cortex (dysgranular layer); RSG, retrosplenial cortex (granular layer).
Furthermore, as can be seen in Figure 3 , the distribution of labeling showed little contrast between layers. The prefrontal labeling is suggestive of deeper layers in some cases (e.g., case G44) consistent with a thalamic relay, but then suggestive of superficial layers in other cases (e.g., cases G30 and G29), indicating an entorhinal relay, thereby preventing a clear laminar analysis of the infected neurons (Burwell and Amaral, 1998; McKenna and Vertes, 2004) . However, on the basis of infection density alone, there was a distinct dorsal-to-ventral division in the medial prefrontal cortex, which gave rise to projections that corresponded to the dorsal-to-ventral divisions of the hippocampus.
Labeling in the retrosplenial cortex
The most striking difference between the vHC and dHC cases at 60 h was the pattern of infection in the RSP cortex (Figs. 3 E, F ) . In all dHC cases, prominent labeling was present throughout the entire rostrocaudal extent of the RSP cortex, which invaded both granular and dysgranular subdivisions. Although the distribution of labeling in animals overlapped into both superficial and deep layers, there was an apparent tendency for one case (G30) to show superficial labeling indicating a potential relay in the entorhinal cortex (Fig. 3E ). There was less segregation for the other two cases (G44 and G29), both of which showed strong labeling that was dispersed throughout the entire RSP region. In marked contrast, there was a virtual absence of labeling in the RSP cortex for all animals with vHC injections, with only one case (G42) showing very limited infection in the dysgranular subdivision (Fig. 3F) .
Together, these data suggest that the prefrontal cortex provides strong disynaptic input to both ventral and dorsal regions of the hippocampus, with dHC receiving more (indirect) input from dorsomedial (pregenual) regions, vHC receiving more input from ventromedial (infralimbic) regions, and the two hippocampal subdivisions receiving roughly equal input from the orbitofrontal cortex. Furthermore, only the dHC received disynaptic input from the retrosplenial cortex (Fig. 3I) .
Monosynaptic transport to thalamus and entorhinal cortex (48 h survival)
Forty-eight hours after PRV-Bartha injections into the dorsal and ventral hippocampus, large numbers of retrogradely infected neurons were observed in distinct regions of both the thalamus and the entorhinal cortex. The labeling differed substantially between the dHC and vHC injections, particularly in the thalamus where there was virtually no overlap, indicating that the thalamic innervation to the two areas originate in different nuclei (Wyss and Van Groen, 1992; Vertes et al., 2006) . Similarly, the segregation of entorhinal labeling revealed distinct entorhinal projections to the dorsal and ventral hippocampal CA1 regions, in accordance with previous reports (Ruth et al., 1982 (Ruth et al., , 1988 Dolorfo and Amaral., 1998a,b) .
Labeling in the thalamus
In the thalamus, monosynaptic labeling following dHC injections was heaviest in the anterior thalamic group of nuclei, specifically the anteromedial (AM), followed by dense infection in the anterodorsal (AD) and anteroventral (AV) (Figs. 4A-D) . The pattern of thalamic infection was stronger in the hemisphere ipsilateral to the injection site. There was sparse labeling in the midline thalamic nuclei including the reuniens (Re), rhomboid (Rh), and the sensory thalamic nuclei (medial geniculate nucleus). There was little if any infection within the mediodorsal complex of the thalamus or the motor, intralaminar, or reticular thalamic nuclei 48 h after inoculation.
In contrast, monosynaptic labeling following vHC injections was observed primarily in the midline nuclei (Figs. 4E-H ) . The most prominent labeling was in the Re followed closely by the paraventricular (PV) and paratenial (PT) nuclei. As with dHC injections, monosynaptic labeling in vHC-injected cases was primarily ipsilateral to the hemisphere of the injection site. The number of labeled cells was higher rostrally than caudally within the Re, PV, and PT nuclei. There was sparse labeling in other midline thalamic structures, namely, the intermediodorsal and rhomboid nuclei, throughout the entire rostrocaudal extent of the thalamus. The specificity of midline Re, PV, and PT monosynaptic input to the vHC is supported by the virtual absence of infection at 48 h in other thalamic structures, including the anterior and mediodorsal complexes (i.e., association nuclei), the ventral and lateral group of nuclei (motor nuclei), the intralaminar group, and the reticular nucleus. Figure 4I summarizes the specificity and density of thalamic infection for all dHC and vHC cases. These data indicate that the dHC receives its input primarily from the anterior group of thalamic nuclei, whereas the vHC receives its thalamic input primarily from midline nuclei. Figure 5 shows the overall distribution of retrogradely infected cells in the dorsolateral and ventromedial areas of the entorhinal cortex after 48 h. Consistent with previous studies, we found that cells located laterally in the entorhinal cortex projected to the dHC, whereas cells located more medially in the entorhinal cortex projected to the vHC (Ruth et al., 1982 (Ruth et al., , 1988 Dolorfo and Amaral, 1998a,b) . Specifically, in all animals with dHC injections, there was dense labeling in the dorsolateral part of the entorhinal cortex (DLE). There was also considerable labeling in the perirhinal (PRh) and ectorhinal (Ect) cortex, both of which dorsally bound the dorsolateral entorhinal area. A contrasting pattern of infection was observed in vHC cases, all of which showed significant retrograde transport to the rostral portion of the caudomedial segment of the entorhinal cortex (areas dorsal intermediate entorhinal, DIE; ventral intermediate entorhinal, VIE; medial entorhinal, ME), which was substantially decreased in all dHC cases. Due to the difficulty in obtaining sections at the extreme caudal pole, we are unable to report the pattern of infection observed in the area known as the dorsocaudal medial entorhinal cortex (Witter et al., 2000; Hafting et al., 2005) . Several studies using monosynaptic tracers have shown that this extreme caudal zone of the entorhinal cortex connects densely with the dorsal half of the hippocampus (Dolorfo and Amaral, 1998a,b; Witter et al., 2000) . As Figure 5C summarizes, however, there is a clear spatial segregation of labeling in the entorhinal cortex for the dHC and vHC groups, distinguishing the regions that give rise to the projections from the dorsolateral portions of the entorhinal cortex relative to the rostral caudomedial portion of the entorhinal cortex. Overall, this distribution of labeling was observed primarily on the side ipsilateral to the injection.
Labeling in the entorhinal cortex

Other structures labeled after dorsal and ventral hippocampal injections
While this study focuses on monosynaptic transport to the thalamus and entorhinal cortex and disynaptic transport to the limbic cortex, we also observed labeling in several other brain regions, which did not differ according to the division of the hippocampus that was injected. For example, significant firstorder infected neurons were observed in the lateral hypothalamus, the septal nuclei (lateral, medial, and diagonal band), the supramamillary nuclei and the claustrum. Injections in the vHC alone gave rise to monosynaptic labeling that was confined to the basolateral and basomedial amygdala and the anterior hypothalamus, whereas injections in the dHC gave rise to dense monosynaptic labeling in the perirhinal cortex. The posterior hypothalamus showed only disynaptic labeling, and more strongly following dHC than vHC injections. Finally, in all cases, there was an absence of monosynaptic and disynaptic labeling in all basal ganglia structures including the nucleus accumbens (core and shell), caudate putamen, globus pallidus, subthalamic nucleus, and substantia nigra. Nor was there labeling in the mammillary bodies.
Discussion
We have demonstrated parallel disynaptic pathways from the limbic and prefrontal cortex to the dorsal and ventral divisions of the hippocampus, with potential relays in the thalamus and entorhinal cortex. Previous studies have shown that the hippocampus sends direct projections to a number of the areas we identified, including the retrosplenial, medial prefrontal, and orbital cortex (Swanson, 1981; Wyss and Van Groen, 1992; Hoover and Vertes, 2007) . The present findings demonstrate that these direct connections are reciprocated by disynaptic pathways, thereby completing an anatomical loop. Our study focused on the septotemporal poles of the hippocampus and demonstrate distinct parallel routes, and possibly the AM, AD, and AV, and primarily ipsilateral to the hemisphere of the injection site. Note the paucity of labeling in the midline Re, PT, and PV nuclei, which by comparison was prominent in cases with PRV-Bartha injections in the vHC. E-G, Labeling in the midline nuclei was more rostral than caudal, and ipsilateral to the side of the injection in the vHC. D, H, Representative photomicrographs (10ϫ magnification) show infected cells in the thalamus following virus injection in dHC (D) and vHC (H). I, A quantitative comparison of infection densities between thalamic groups confirms that virus injected into the dHC transports monosynaptically to the association group of nuclei, whereas for the vHC injections, the virus transports to the midline thalamic nuclei. Insets show the density of infection for specific midline and association nuclei. The anterior group of nuclei (ANT) includes AM, AD, and AV. The lateral group of nuclei (LAT) includes the laterodorsal (LD) and lateral posterior (LP). Error bars indicate SEM. CL, Centrolateral; CM, centromedial; f, fornix; IMD, intermediodorsal; MD, mediodorsal; mt, mamillothalamic tract; PC, paracentral; Po, posterior thalamic nucleus; Rt, reticular; Sub, submedial; VA, ventral anterior; VL, ventrolateral; VM, ventromedial; VPM, ventral posteromedial. Approximate anterior-posterior levels and abbreviations are taken from Paxinos and Watson (2005). Divisions for sensory, motor, association, midline, and intralaminar groups are according to Groenewegen and Witter (2004) .
parallel loops, underlying corticohippocampal interaction (see Fig. 6 ). While the present study did not investigate the anatomical connections of intermediate sites along the septotemporal axis (Cenquizca and Swanson, 2007) , an analogous pattern of connections along the intermediate zone might reflect a general anatomical relationship between the hippocampus, thalamus, entorhinal cortex, and limbic cortex. Different positions along this axis are thought to contribute to different aspects of behavior (Bast et al., 2009; but see Jarrard et al., 2012) . The remaining discussion focuses on the specific anatomical circuits investigated in this study, touching on the functional specialization of each.
Ventral hippocampal circuit
Disynaptic labeling following injections into the vHC was most pronounced in the ventral prefrontal cortex (ventral PL, IL) and the neighboring orbital areas. These projections, together with the known projections from vHC to these areas, may constitute a functional loop, which we refer to here as the ventral hippocampal circuit. Note that with disynaptic labeling it is impossible to unambiguously identify which monosynaptically labeled area serves as the neural relay, an inherent limitation of this approach. Thus, in theory, either the midline thalamus or the entorhinal cortex could serve as the relay for this corticohippocampal pathway. However, recent evidence suggests that lesions to the mid- In both cases, there is some overlap in labeled neurons in the dorsolateral portion of the entorhinal cortex (area DLE). In dHC cases, note how the pattern of labeling remains dorsal in the DLE andoverlapswiththePRhandEct.InvHCcases,theinfectionisconfinedtotheventromedialextentofentorhinalcortex,whereitincludestherostralportionofthecaudomedialentorhinalcortex(areasDIE,VIE, and ME). Photomicrographs (2.5ϫ magnification) show positive PRV-Bartha cells in subfields of the entorhinal cortex. C, A quantification of the infection densities confirms that the dorsolateral portions of the entorhinal cortex give rise to first-order projections to the dHC, and that the rostral caudomedial portion of the entorhinal cortex projects to the vHC. Error bars indicate SEM.
line thalamic Re produce disinhibitory effects on behavior (Dolleman-van der Weel et al., 2009; Prasad et al., 2013 ) that closely resemble those of vHC and ventral prefrontal lesions (Chudasama et al., 2003; Abela et al., 2013) or following hemispheric disconnection of the two structures (Chudasama et al., 2012) . While this evidence might favor the prospect that the midline thalamus is the critical relay in this circuit, we aim to test this hypothesis explicitly in future studies; there is at least one piece of evidence that implicates the entorhinal cortex in prefrontal executive function (see Oswald et al., 2001) . Moreover, while a thorough laminar analysis was outside the scope of our study, it was clear that some of the labeled neurons were in the superficial layers of the prefrontal cortex. Since superficial layers do not project to the thalamus, it is likely that in these cases, the entorhinal cortex is the most likely relay (Burwell and Amaral, 1998; McKenna and Vertes, 2004) .
Our monosynaptic results are consistent with previous studies using conventional tracers in identifying Re, PV, and PT as the main nuclei sending projections, with the projections being mainly ipsilateral and originating in the most rostral portion of the nuclei (Dolleman-Van Der Weel and Witter, 1996) . Thus, one potential disynaptic pathway, which has been postulated previously (Vertes, 2006) , runs from the ventral prefrontal cortex through the midline thalamus to the vHC. It is worth noting, however, that the Rh nucleus, previously found to project to certain parts of the vHC (Berendse and Groenewegen, 1991) , was labeled sparingly in this study. Moreover, unlike Vertes et al. (2006), we did not observe many labeled neurons in the Re and Rh after injections into the dHC. While it is possible that the density of fibers from the Rh to dorsal or ventral regions of the hippocampus were insufficient for the virus to initiate a productive viral uptake, it is more likely that our restricted pattern of retrograde labeling was due to the small injection site, which was localized within the extreme vicinity of the temporal pole. When retrograde tracers are injected into the intermediate zone of the CA1 field, diffuse areas of the Re including its caudal sector are labeled significantly (Dolleman-Van Der Weel and Witter, 1996) . The current data clearly demonstrate, however, that ventral prefrontal input to the vHC is relayed almost exclusively by the rostral Re, not the Rh.
The midline thalamic relay may also mediate prefrontalhippocampal communication related to anxiety and fear, as both structures have been implicated in affective processing (SierraMercado et al., 2011) . Here the PV and possibly PT are likely to play a more significant role as a relay than the Re (Beck and Fibiger, 1995; Otake and Nakamura, 1995) . Due to their small size, little is known about the functional contributions of PV and its neighboring PT thalamic nucleus, whose major output is the ventral striatum (Kelley and Stinus, 1984) . The labeling observed in PV and PT in the present study suggests that these areas, in addition to mediating corticostriatal interaction (Groenewegen and Berendse, 1994) , may play a role in mediating corticohippocampal interaction.
Dorsal hippocampal circuit
Injections in the dHC revealed patterns of monosynaptic and disynaptic labeling that were distinct from the vHC injections. Two areas that were prominently labeled following injections in the dHC, but not substantially in the vHC, were the anterior thalamic group of nuclei (monosynaptic) and RSP cortex (disynaptic). The infection in the RSP cortex was marked, extending along its entire rostrocaudal length, which occupies half the length of the rat cerebrum.
There is an extensive literature on how any or all of the monosynaptically labeled areas (anterior thalamus, entorhinal cortex, and perirhinal cortex) serve similar or complementary functions in spatial cognition (for review, see Aggleton et al., 2010; Aggleton, 2012 . Illustration of first-and second-order inputs to dorsal and ventral hippocampus as shown in this study. The ventral prefrontal cortex connects disynaptically with the vHC via relays in the midline thalamus or rostral caudomedial (CM) entorhinal cortex (solid pink line). In contrast, inputs to the dHC involve relays in the anterior thalamic nuclei and the dorsolateral (DL) entorhinal cortex (solid blue line). The orbital prefrontal cortex provides second-order input to both dorsal and ventral divisions of the hippocampus. Direct hippocampal input to anterior cingulate, retrosplenial, medial prefrontal, and orbital prefrontal cortex has been shown previously (dashed gray line) (Swanson and Cowen, 1977; Swanson, 1981; Van Groen and Wyss, 1990; Jay and Witter, 1991; Wyss and Van Groen, 1992; Verwer et al., 1997; Hoover and Vertes, 2007) .
anterior thalamic nuclei contain head-direction cells (Chen et al., 1994; Taube, 1995) . The RSP cortex projects directly to the entorhinal and perirhinal cortex, both of which project to the dHC (Wyss and Van Groen, 1992) . Thus, both entorhinal and perirhinal cortex may act as potential relays to the dHC. The anterior thalamus is also a likely candidate, since it is known to receive input from the RSP cortex (Van Groen and Wyss, 2003) . Moreover, previous disconnection studies have shown that the RSP cortex, anterior thalamus, and hippocampus interact to support spatial learning and memory (Sutherland and Hoesing, 1993; Warburton et al., 2001) . Thus, the prominent indirect projections from the RSP cortex to the hippocampus featured in the dorsal hippocampal circuit are likely to be transmitted through synapses in temporal cortex, anterior thalamus, or both.
Implications for understanding hippocampal contribution to behavior
Our results show substantial segregation in the circuits associated with two regions of the hippocampus separated by several millimeters along its longitudinal extent. Each involves the orbital cortex, along with distinct regions of the limbic cortex, thalamus, and entorhinal cortex. We speculate that these results represent a more general pattern of interaction between the hippocampus and cortex, whose specific cortical and thalamic components vary gradually along the septotemporal hippocampal axis.
Of particular interest is the notion of the thalamus, part of the diencephalon, as a relay between the cortex and hippocampus, two prominent regions of the telencephalon. At present, there is much interest in the potential role of the thalamus as a mediator of corticocortical interactions (Sherman, 2007) . It is intriguing to consider that the corticohippocampal relays suggested in this study may reflect an analogous pattern of connections. In fact, it is possible that the patterns of vHC and dHC labeling in the cortex and thalamus are two specific examples of a more general pattern of corticothalamic relays to the hippocampus, with a topological progression in each of the areas involved. In this scenario, input to the dHC originates in posterior and dorsal portions of the limbic cortex and passes through a synapse in the anterior thalamus, whereas input to the vHC originates in the anterior and ventral portions of the limbic cortex and passes through a synapse within certain midline thalamic nuclei. Whether injections made in intermediate levels of the hippocampus would show labeling in cortical and thalamic structures in accordance with a consistent topological relationship between these structures is a topic for future study.
The interplay between the cortex and thalamus has been considered in human imaging studies, where in spatial navigation tasks the RSP cortex and hippocampal formation are often engaged. The same two structures belong to the so called "default mode" network, defined as those areas showing diminished activity levels during a task relative to a resting state baseline (Maguire, 2001) . It is notable that even in the absence of a task, this network shows spontaneous activity covariation that is often interpreted as indicating functional, and possibly anatomical, connections (Greicius et al., 2009) . Our data provide a broader anatomical framework for understanding the interaction between medial cortical areas and the hippocampus, pointing to bidirectional communication: a direct projection from the hippocampus to the cortex, and a disynaptic projection from the cortex to the hippocampus, via a relay.
